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PRODUCTION OF DIELECTRIC PARTICLES 

FIELD OF THE INVENTION 
The invention relates generally to dielectric compositions and, more particularly, to a 
method for producing barium titanate-based dielectric compositions using a heat treatment step. 

BACKGROUND OF THE INVENTION 
Barium titanate-based compositions, which include barium titanate (BaTi0 3 ) and its 
solid solutions, may be used to form dielectric layers in electronic devices such as multilayer 
ceramic capacitors (MLCCs). The barium titanate-based compositions are typically produced as 
micron-sized particles which may be further processed to form the dielectric layer. Such barium 
titanate-based particles may be formed in a variety of processes including hydrothermal 
processes, solid-state reaction processes, sol-gel processes, as well as precipitation and 
subsequent calcination processes, such as oxalate-based processes. 

To enhance certain electrical and mechanical properties of the resulting layer, dopants 
may be added to the barium titanate-based compositions. Typically, the dopants are metallic 
compounds, often in the form of oxides. In some cases, dopant particles may be mixed and 
milled with the barium titanate-based particles to promote homogeneous distribution of the 
dopant throughout the composition. In other cases, the dopant may be coated upon the surfaces 
of barium titanate-based particles to provide homogenous distribution of the dopant materials 
without milling. 

Dielectric layers of MLCCs are usually prepared from a dispersion of the barium 
titanate-based particulate composition in an aqueous medium which may also include a 
polymeric binder and/or dispersing agent. The dispersion, or slip, may be cast to provide a 
green layer of ceramic dielectric material. A patterned electrode material is then formed on the 
green layer to form a structure that is stacked to provide a laminate of alternating layers of green 
ceramic dielectric and electrode. The stacks are diced into MLCCs-sized cubes which are 
heated to sinter the particles of barium titanate-based material to form a capacitor structure with 
laminated, dense ceramic dielectric and electrode layers. During sintering, increased ceramic 
dielectric density is achieved as a result of the fusion and consolidation of the particles to 
remove pores between the particles and to form grains. 



Express Mail Label No.: EL7U220514US 




-2- 



The miniaturization of electronic components and the desire to increase the volumetric 
efficiency of MLCCs has led to the production of dielectric layers of ever-decreasing thickness. 
To produce thinner layers, the barium titanate-based compositions must have sufficiently small 
and uniform particles which, in some cases, may have a relatively low density as compared to 
5 larger particles. Certain electrical properties may be inferior in compositions that include such 
small particles. For example, the dielectric constant may be lower and the dissipation factor 
may be higher for compositions having smaller particle sizes and/or lower particle densities. 
Therefore, the particle size must be balanced with the electrical properties when forming thin 
dielectric layers. 

9 Accordingly, it is desirable to produce a barium titanate-based composition having a 

£p small particle size and desirable electrical properties. 

O SUMMARY OF THE INVENTION 

jhj The invention provides a method for producing barium titanate-based particulate 

Jl5 compositions. 

O In one aspect, the invention provides a method for heat treating a barium titanate-based 

Jy particulate composition. The method includes heating a barium titanate-based particulate 
2 composition at a temperature between about 700 °C and about 1 1 50 °C to form a heat-treated 
particulate composition. 

20 In another aspect, the invention provides a method for heat-treating a barium titanate- 

based particulate composition. The method includes heating a barium titanate-based particulate 
composition at a temperature and for a time sufficient to cause particle growth and insufficient 
to cause particle sintering thereby forming a heat-treated particulate composition. 

Other advantages, aspects, and features of the invention will become apparent from the 

25 following detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is an SEM photo showing an illustrative portion of the barium titanate composition 
in Example 1 prior to heat treatment. 
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Fig. 2 is an SEM photo showing an illustrative portion of the heat-treated barium titanate 
composition in Example 1. 

Fig. 3 is an SEM photo showing an illustrative portion of the re-dispersed heat-treated 
barium titanate composition in Example 1 . 

5 

DETAILED DESCRIPTION 
The invention provides a method for producing barium titanate-based particulate 
compositions. The method includes a heat treatment step, separate from a sintering step, that 
involves treating a barium titanate-based particulate composition at a temperature between about 
^ 700 °C and about 1 150 °C to increase average particle size. The increased average particle size 
;£ can improve the electrical properties (i.e., dielectric constant and dissipation factor) of the heat- 
CS treated composition as compared to the composition prior to heat treating. The heat-treated 
composition may be further processed, for example, by producing a dispersion which may be 
cast and sintered to form a dielectric layer in electronic components including MLCCs. 
~1~5 The barium titanate-based particles subjected to heat treatment may be produced 

— according to any number of techniques known in the art including hydrothermal processes, 
M= solid-state reaction processes, sol-gel processes, as well as precipitation and subsequent 

q calcination processes, such as oxalate-based processes. In many cases, it may be preferable to 

— produce the barium titanate-based particles using a solution-based process such as a 

20 hydrothermal process. Hydrothermal processes generally involve mixing a barium source with a 
titanium source in an aqueous environment to form a hydrothermal reaction mixture which is 
maintained at an elevated temperature to promote the formation of barium titanate particles. 
Barium titanate solid solution particles may be produced hydrothermally by adding the desired 
divalent and/or tetravalent metal source(s) to the hydrothermal reaction mixture. Suitable 

25 hydrothermal processes for forming barium titanate-based particles have been described, for 

example, in commonly-owned U.S. Patent Nos. 4,829,033, 4,832,939, and 4,863,883, which are 
incorporated herein by reference in their entireties. Hydrothermally-produced barium titanate- 
based particles are typically substantially spherical, and have a small average particle size (e.g., 
less than about 0.5 micron) and a relatively low density (e.g., less than about 5.5 g/cm 3 ). 

30 Hydrothermally-produced barium titanate-based particles may be particularly well-suited to 



utilize the heat treatment technique of the present invention to increase average particle size 
and/or density in order to enhance certain electrical properties. 

One example of a hydrothermal process used to form the barium titanate-based particles 
involves introducing a solution of barium hydroxide (Ba(OH)2> into a slurry of a hydrated 
titanium oxide gel at a temperature between about 40°C and about 100°C to form a reaction 
mixture. The hydrated titanium oxide gel is formed by mixing titanium oxychloride (TiOCl 2 ) 
and ammonium hydroxide (NH 4 (OH)) to form the gel and, then, washing the gel. The reaction 
mixture is heated to a temperature between about 175°C and about 225°C to promote the 
formation of barium titanate (BaTi0 3 ) particles which remain suspended in the aqueous 
medium. After cooling, the suspension may be washed to remove any excess reactants such as 
barium hydroxide. In some embodiments, the suspension may not be washed. The suspension 
may then be dewatered, for example using a filter press, to increase its solid content. The high 
solids suspension may be used in further processing steps, as described further below. 

Different production techniques may result in the barium titanate-based particles being in 
different physical states. In some embodiments, the particles may be a dry powder after 
production. Alternatively, the particles may be suspended in an aqueous or non-aqueous 
medium having a wide range of solids content. For example, the aqueous or non-aqueous 
suspension may include solids content between about 5 weight percent and about 90 weight 
percent based upon the total weight of the suspension. 

As used herein, "barium titanate-based compositions" refers to barium titanate, solid 
solutions thereof, or other oxides based on barium and titanium having the general structure 
ABO3, where A represents one or more divalent metals such as barium, calcium, lead, strontium, 
magnesium and zinc and B represents one or more tetravalent metals such as titanium, tin, 
zirconium, and hafnium. One type of barium titanate-based composition has the structure Ba(i. 
x)A x Ti(i- y )B y 03, where x and y can be in the range of 0 to 1, where A represents one or more 
divalent metal other than barium such as lead, calcium, strontium, magnesium and zinc and B 
represents one or more tetravalent metals other than titanium such as tin, zirconium and 
hafnium. Where the divalent or tetravalent metals are present as impurities, the value of x and y 
may be small, for example less than 0.1. In other cases, the divalent or tetravalent metals may 
be introduced at higher levels to provide a significantly identifiable compound such as barium- 
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calcium titanate, barium-strontium titanate, barium titanate-zirconate, and the like. In still other 
cases, where x or y is 1 .0, barium or titanium may be completely replaced by the alternative 
metal of appropriate valence to provide a compound such as lead titanate or barium zirconate. 
In other cases, the compound may have multiple partial substitutions of barium or titanium. An 
5 example of such a multiple partial substituted composition is represented by the structural 
formula Ba(i. x . X '_ x ») Pb x Ca X 'Sr x »OTi(i. y . y ». y ») Sn y Zr y - Hf y »0 2 , where x, x', x", y, y\ and y" are each 
greater than or equal to 0. In many cases, the barium titanate-based material will have a 
perovskite crystal structure, though in other cases it may not. 

The barium titanate-based particles may have a variety of particle characteristics prior to 
JU) the heat treatment step. Generally, though not always, the average particle size of the 
41 composition is less than about 0.50 micron prior to heat treatment. In some embodiments, the 
gy average particle size is less than about 0.40 micron prior to heat treatment; in some 

t. 3—= 

^ embodiments, less than about 0.25 micron prior to heat treatment; and, in some embodiments, 
jO less than about 0. 1 micron prior to heat treatment. The term average particle size, as used 
"15 herein, refers to the average size of primary particles in the composition. The average particle 

size of a composition is determined using SEM analysis. 
U In some embodiments, the composition, prior to heat treatment, may include aggregates 

g of primary particles and/or agglomerates of aggregates and/or agglomerates of primary particles. 
O As used herein, "aggregate" refers to two or more joined particles which cannot be separated by 
20 simple mechanical means such as high shear mixing. As used herein, "agglomerate" refers to 

two or more joined particles (or aggregates) which can be separated by simple mechanical 

means such as high shear mixing. 

The barium titanate-based particles may also have a variety of shapes prior to heat 

treatment which may depend, in part, upon the process used to produce the particles. For 
25 example, milled barium titanate-based particles generally have an irregular, non-equiaxed shape, 

while hydrothermally-produced particles may be equiaxed and/or substantially spherical. In 

some embodiments, equiaxed and/or substantially spherical primary particles may be preferred. 
The barium titanate-based composition may be a mixture of more than one barium 

titanate-based particulate component. Each particulate component may have different 
30 characteristics including any of the particle sizes, shapes or compositions described herein. 
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According to the method of the present invention, the barium titanate-based particulate 
composition is subjected to a heat-treatment step to form a heat-treated particulate composition. 
The heat treatment step involves heating the barium titanate-based particles to a temperature 
high enough and for a sufficient time to cause particle growth (and, in some cases, particle 
5 densification), but does not cause sintering. As used herein, "sintering" refers to the welding of 
particles together to form a monolithic body. A sintered body does not include individual 
particles, whereas the heat-treated particulate composition does include individual particles 
(which, as described above, may be primary particles, aggregates of primary particles, 
agglomerates of aggregates, or agglomerates of primary particles), 
^jf) In some cases, the heat treatment step is conducted at conditions that does not cause 

On necking between particles. In certain cases, particularly when relatively high temperatures are 
JfJ utilized, minor necking between particles may be observed. The minor necking between 
~f particles may be broken by conventional mixing or milling techniques. Preferably, the heat 
hi treatment conditions do not cause the formation of aggregates of particles that are inseparable by 
JL5 conventional mixing or milling techniques. In some cases, the heat-treated compositions are 
Q substantially free of particle aggregates inseparable by conventional mixing or milling 
fy techniques. 

y The heat treatment step comprises heating the particles to a temperature of greater than 

700 °C. In some embodiments, the particles are heated to a temperature between about 700 °C 

20 and about 1150 °C; and, in some embodiments, the particles are heated to a temperature between 
about 900 °C and about 1 100 °C. In some cases, the heat treatment time is at least one hour, 
and, in other cases several hours. However, the heat treatment step may utilize any temperature 
and may be carried out for a length of time sufficient to achieve the desired increase in average 
particle size and/or particle density. The ideal temperature and time of the heat treatment step 

25 depends upon the particle characteristics (e.g., composition, size, density) of the barium titanate- 
based particles prior to heat treatment and the desired particle characteristics after heat 
treatment. 

The composition of the barium titanate-based particles before and after heat treatment is 
essentially unchanged with the exception of the possible elimination of certain impurities (e.g., 
30 hydroxyls), as described further below. Thus, the heat treatment step is distinguished from 
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calcination steps which promote chemical reactions between particulate species to form particles 

having a different composition. 

The percentage increase in average particle size resulting from the heat treatment may be 

controlled using heat treatment parameters (e.g., temperature, time) to produce a heat-treated 
5 composition having particles of the desired final size. The increase in average particle size is 

typically greater than 25%, in some cases greater than 50%, in some cases greater than 100%, 

and in some cases greater than 200%. 

The average particle size of the heat-treated composition will depend upon the average 

particle size of the composition (as described above) prior to heat treatment and the process 
JL0 parameters of the heat treatment step. In some cases when the initial average particle size is less 
■J3 than about 0.1 micron, the average particle size may be increased to between about 0.2 micron 
go and about 0.4 micron using heat treatment. In some cases when the initial average particle size 
J±f is between about 0.3 micron and about 0.4 micron, the average particle size may be increased to 
J3 between about 0.6 micron and about 1 .0 micron using heat treatment. In many cases for MLCC 
Jft applications, it is desirable for the heat-treated composition to have an average particle size of 

between about 0.2 micron and about 1.0 micron. 
y= As described above, the heat treatment step also may increase the density of the barium 

iLS! titanate-based particles. It should be understood that the density referred to herein is the density 
O of particles as opposed to the density of a composition of particles which includes voids between 
20 particles. In some cases, the increased density may approach the theoretical limit for barium 

titanate-based compositions which generally is considered to be about 6.0 g/cm 3 . 

The heat-treated particles may have a variety of shapes. The shape of the heat-treated 

particles depends, in part, on the shape of the barium titanate-based particles prior to heat 

treating. In cases where substantially spherical barium titanate-based particles are utilized, the 
25 heat-treated particles may also be substantially spherical. In some cases, substantially spherical 

particles are preferred because of their ability to be closely packed which can increase the 

density of the resulting dielectric layer. 

The characteristics (e.g., average particle size and particle density) of the barium titanate- 
based particles after heat treatment are selected to provide a composition with the appropriate 
30 electrical properties. The heat treatment step can increase the dielectric constant and/or decrease 
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the dissipation factor of a barium titanate-based composition. For many applications including 
MLCC's, it is desirable to utilize compositions with high dielectric constants and low dissipation 
factors. Thus, the heat treatment step may be advantageous in the production of barium titanate- 
based compositions. As discussed further below, dopants also may be added to the heat-treated 
barium titanate-based composition to further enhance certain properties including dielectric 
constant and dissipation factor. 

Advantageously, the heat treatment step may eliminate impurities from the barium 
titanate-based particles that can reduce the electrical properties of the composition. Such 
impurities may be incorporated into the particulate composition during production. For 
example, barium titanate-based particles produced using solution processes (e.g., hydrothermal 
processes) may include solvent-based impurities such as hydroxyl (OH") groups. These 
impurities can diffuse to the surface of the particles and are evaporated during heat treatment. 

After heat treatment, the barium titanate-based composition may be further processed as 
desired. In some embodiments, one or more dopant material may be added to the heat-treated 
composition prior to forming the dielectric layer to enhance electrical properties. Any dopant 
known in the art may be added to the composition. Dopants are often metal compounds, such as 
oxides or hydroxides. Suitable dopant metals may include lithium, magnesium, calcium, 
strontium, scandium, zirconium, hafnium, vanadium, niobium, tantalum, manganese, cobalt, 
nickel, zinc, boron, silicon, antimony, tin, yttrium, lanthanum, lead, bismuth or a Lanthanide 
element. The dopants may be added in particulate form and mixed into the barium titanate- 
based composition to promote the formation of a homogeneous mixture. In other cases, one or 
more dopant layers may be coated onto the surfaces of the heat-treated barium titanate-based 
particles. Such dopant layers are generally thin and may have a thickness of less than 10 nm. In 
some embodiments, certain types of dopants may be added in particulate form while other types 
of dopants may be coated onto the surfaces of the heat-treated particles. The barium titanate- 
based composition, including dopants, may be further processed as desired. 

In one preferred embodiment of the invention, the method includes depositing one or 
more coating layer onto the surfaces of the heat-treated particles. Prior to the coating step, the 
heat-treated particles may be dispersed, for example, in water by emulsification. An appropriate 
solution containing the selected dopant metal in ionic form may be added to the dispersion and, 
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subsequently, a dopant metal compound (e.g., an oxide or hydroxide) may be precipitated onto 
the particle surfaces. This step may be repeated to sequentially coat additional dopant layers, if 
desired, to produce a coating having multiple chemically distinct layers. In these embodiments, 
the particles may be maintained in an aqueous medium between sequential coating steps. In 
some embodiments, the coated particles may be washed between coating steps to remove any 
residual species from previous coating steps. After the coating step, the particles may be washed 
and dewatered to increase the solids content. In some embodiments, the coated particles may 
not be washed and simply dewatered. In some embodiments, the composition may be dried, for 
example in a vacuum drying step, to provide a powder that may be used in further processing 
steps to form the dielectric layer. In other embodiments, after dewatering, the high solids 
content suspension may be directly processed to form the dielectric layer. 

In some embodiments, the A/B ratio of the barium titanate-based composition may be 
adjusted prior to further processing which may include any one of drying, casting to form a slip, 
and forming a dielectric layer. As used herein, A/B ratio is defined as the ratio of divalent 
metals (e.g., alkaline earth metals such as Ba, Ca, etc.) to tetravalent metals (Ti, Zr, Sn, etc.) in 
the overall dielectric composition. In some cases, the A/B ratio is adjusted to a value greater 
than 1 .0. Barium titanate-based compositions having A/B ratios greater than 1 .0 may be 
desirable in certain MLCCs applications to the improve compatibility of the composition with 
base metal electrodes. 

The A/B ratio may be adjusted according to any technique known in the art. In some 
embodiments, the A/B ratio may be increased by adding an insoluble divalent metal (e.g., Ba) 
compound in particulate form to the composition. In other embodiments, the insoluble divalent 
metal compound (e.g., BaC0 3 ) may be formed, for example, in a precipitation reaction between 
an insolubilizing agent and a divalent metal. The insoluble divalent metal compound may be 
precipitated in particulate form or as a coating on surfaces of the barium titanate-based particles. 
The coating may be provided similarly, and in the same step, as the dopant coatings described 
above. In some embodiments, it may be preferable to deposit the divalent metal compound 
coating on the particle surfaces as the first coating layer subsequent to depositing the dopant 
coating layers. 
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As described above, the heat-treated barium titanate-based compositions are typically 
processed to form dielectric layers in electronic components, such as MLCCs. Such processing 
techniques are known in the art. For example, the heat-treated barium titanate-based 
composition may be dispersed in an aqueous medium which may also include any one of a 
polymeric binder, a dispersing agent, or other additives such as sintering aids. The dispersion 
may be cast onto a substrate to form a layer. Additional layers may be deposited and, in some 
cases, patterned on top of the layer. The resulting structure may be sintered to form the 
dielectric layer. The sintering step may, for example, involve heating the composition to a 
temperature of between about 1 150 °C and about 1400 °C. If sintering aids are added to the 
heat-treated composition, the sintering step may utilize lower temperatures. The dielectric layer 
formed from the heat-treated barium titanate-based particles can have excellent electrical 
properties (e.g., high dielectric constant and low dissipation factor) and may be thin, if desired. 

The present invention will be further illustrated by the following example, which is 
intended to be illustrative in nature and are not to be considered as limiting the scope of the 
invention. 

EXAMPLE 

Barium titanate-based particles were heat-treated according to a method of the 
present invention. 

Barium titanate (BaTi0 3 ) particles were produced in a hydrothermal process by mixing a 
barium source and a titanium source in a hydrothermal reactor to form a reaction mixture which 
was maintained at a temperature between about 150 °C and about 200 °C until the reaction 
completed. The resulting barium titanate particles had an average particle size of about 0.25 
microns as determined by scanning electron microscope (SEM) analysis. Fig. 1 is an SEM 
photo showing an illustrative portion of the particulate composition. BET analysis yielded a 
surface area of 6.28 m 2 /g. 

A portion of the barium titanate particulate composition was heat-treated in a furnace at 
ambient atmosphere and a portion of the barium titanate particulate composition was maintained 
as a non heat-treated control composition. 
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The heat treatment step involved ramping the furnace temperature from room 
temperature to 1000 °C at a rate of about 200 °C/hour. The furnace temperature was maintained 
at 1000 °C for a time period of two hours and, then, furnace-cooled to room temperature. 

The heat-treated particulate composition had an average particle size of about 0.60 
microns as determined by SEM analysis. Slight necking between some of the heat-treated 
particles was observed. Fig. 2 is an SEM photo showing an illustrative portion of the heat- 
treated particulate composition. BET analysis yielded a surface area of 2.05 m 2 /g. 

The heat-treated particles were dispersed in de-ionized water using a horizontal mill to 
form a slurry having 25% by weight solids. A portion of the particles were dried. SEM analysis 
revealed that the slight necking between particles was eliminated, that the average particle size 
was about 0.60 microns, and that the particle shape was substantially spherical. Thus, the heat- 
treated particles were readily dispersible. Fig. 3 is an SEM photo showing an illustrative portion 
of the re-dispersed heat-treated particulate composition. BET analysis yielded a surface area of 
2.95 m 2 /g. 

The re-dispersed heat-treated particulate composition was further processed to form 
pellet samples and MLCC samples. The control (non-heat-treated) particulate composition, as 
described above, was also further processed to form control pellet samples and control MLCC 
samples. 

Using both compositions, the pellet samples were formed by adding an ethylene glycol 
binder (about 3 weight percent) to the composition, drying the composition to form a powder 
which was uniaxially pressed into green pellets having a diameter of about 0.5 inches and a 
thickness of about 3 mm. The pellets were sintered (at 1250 °C for heat-treated composition and 
at 1300 °C for non-heat-treated composition). 

Using both compositions, MLCC samples were formed by creating a slip, casting the slip 
to form a thin ceramic green sheet of about 5 microns, laminating the sheet with a Ni-electrode 
material, and cutting the sheet into cubes. The cubes were sintered to form MLCC samples (at 
1250 °C for heat-treated composition and at 1300 °C for non-heat-treated composition). The 
density of the sintered composition in the control pellets and control MLCC samples was about 
5.6 g/cm 3 . The density of the sintered composition in the heat treated pellets and the heat-treated 
MLCC samples was about 5.8 g/cm 3 . 
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The pellet samples and MLCC samples were analyzed using an impedance analyzer. 
The capacitance and dissipation factor were measured at 25 °C, 1 KHz frequency, and 1 Volt 
bias. The dielectric constants were calculated from the capacitance measurements. The results 
are summarized in the following table. 



Sample 


Dielectric Constant 
(K) 


Dissipation Factor 
(DF) 


K/DF Ratio 


Heat-treated pellet 


2545 


0.45 


5655 


Control pellet 


2039 


0.61 


3342 


Heat-treated MLCC 


3050 


3.2 


953.1 


Control MLCC 


2000 


4.35 


459.8 



The results show an increased dielectric constant (K) and a decreased dissipation factor 
(DF) for the heat-treated samples. The increase in dielectric constant and decrease in dissipation 
factor are both advantageous for MLCC applications. 

Although particular embodiments of the invention have been described in detail for 
purposes of illustration, various changes and modifications may be made without departing from 
the scope and spirit of the invention. Accordingly, the invention is not to be limited except by 
the appended claims. 

What is claimed is: 



